The host restriction factor TRIM5␣ mediates species-specific, early blocks to retrovirus infection; susceptibility to these blocks is determined by viral capsid sequences. Here we demonstrate that TRIM5␣ variants from Old World monkeys specifically associate with the HIV type 1 (HIV-1) capsid and that this interaction depends on the TRIM5␣ B30.2 domain. Human and New World monkey TRIM5␣ proteins associated less efficiently with the HIV-1 capsid, accounting for the lack of restriction in cells of these species. After infection, the expression of a restricting TRIM5␣ in the target cells correlated with a decrease in the amount of particulate capsid in the cytosol. In some cases, this loss of particulate capsid was accompanied by a detectable increase in soluble capsid protein.
The host restriction factor TRIM5␣ mediates species-specific, early blocks to retrovirus infection; susceptibility to these blocks is determined by viral capsid sequences. Here we demonstrate that TRIM5␣ variants from Old World monkeys specifically associate with the HIV type 1 (HIV-1) capsid and that this interaction depends on the TRIM5␣ B30.2 domain. Human and New World monkey TRIM5␣ proteins associated less efficiently with the HIV-1 capsid, accounting for the lack of restriction in cells of these species. After infection, the expression of a restricting TRIM5␣ in the target cells correlated with a decrease in the amount of particulate capsid in the cytosol. In some cases, this loss of particulate capsid was accompanied by a detectable increase in soluble capsid protein.
Inhibiting the proteasome did not abrogate restriction. Thus, TRIM5␣ restricts retroviral infection by specifically recognizing the capsid and promoting its rapid, premature disassembly. B30 .2(SPRY) domain ͉ tripartite motif ͉ HIV-1 ͉ RING, B-box, and coiled-coil protein ͉ innate immunity P rimate cells express dominant factors that can determine the species-specific tropism of a particular retrovirus (1) (2) (3) . TRIM5␣ mediates the early block to HIV (HIV type 1, HIV-1) infection in Old World monkey cells (4) . TRIM5␣ is a tripartite motif protein, with RING, B-box, and coiled-coil (RBCC) domains (5) . Only the longest TRIM5 isoform, TRIM5␣, possesses a C-terminal B30.2 domain and exhibits antiretroviral activity (4, (6) (7) (8) (9) . Variation in TRIM5␣ protein sequences among primate species accounts for the observed patterns of speciesspecific restrictions to retrovirus infection (10, 11) . In some cases, variation in the B30.2 domain has been implicated in the virus-specific restricting activity of TRIM5␣ proteins from different species (9, 12, 13) . TRIM5␣ prevents retrovirus infection by an unknown mechanism. Reverse transcripts of the restricted virus fail to accumulate in the blocked cells, indicating that an early, postentry event is disrupted by TRIM5␣ (4) . Several lines of evidence hint that TRIM5␣ associates directly or indirectly with the restricted retroviral capsid. First, the viral determinants of susceptibility to restriction map to the capsid protein (14) (15) (16) (17) . Second, when introduced into cells, assembled and proteolytically processed capsids of virus-like particles, but not monomeric capsid proteins expressed in the cells, can compete for the restriction factor(s) (14, 16, 18, 19) . Third, TRIMCyp is an HIV-1-restricting factor in owl monkeys consisting of the RBCC domains of TRIM5 fused with cyclophilin A, a known capsid ligand (14, (18) (19) (20) (21) (22) (23) . Finally, an association of TRIM5␣ hu with capsids prepared by detergent treatment of a restricted murine leukemia virus (MLV) has been observed (24) .
The events in retrovirus infection that occur between entry into the host cell and reverse transcription are poorly understood. The uncoating of the HIV-1 capsid is thought to precede reverse transcription, whereas MLV capsid proteins remain associated with the reverse transcription and preintegration complexes (25) (26) (27) (28) . The study of HIV-1 capsid mutants suggests that capsid uncoating may be a temporally regulated process, with either too rapid or too slow disassembly compromising virus infectivity (29) . Host cell factors involved in uncoating are unknown (21, 30, 31) . Given this sparse state of knowledge, TRIM5␣-mediated restriction could conceivably involve prevention of capsid uncoating, acceleration of capsid uncoating, or destruction of the capsid.
Here we investigate the ability of TRIM5␣ to interact in a specific manner with the HIV-1 capsid. We establish a previously undescribed assay to follow the fate of the retroviral capsid in the cytosol of newly infected cells and examine the effect of expression of a restricting TRIM5␣ protein on the particulate and soluble forms of the capsid.
Results

B30.2 Domain-Dependent Association of TRIM5␣rh with HIV-1 Capsids.
To investigate whether rhesus monkey TRIM5␣ rh associates with HIV-1 capsids, we used HIV-1 capsid complexes assembled from purified recombinant capsid-nucleocapsid (CA-NC) protein (32-35) to detect the binding of either WT or mutant TRIM5␣ proteins (Fig. 1A ) from cell lysates. We verified by electron microscopy that our CA-NC preparations formed cylindrical and conical structures, which have been shown to recapitulate the authentic surface lattice structure of native HIV-1 capsids (33, 35, 36) . After incubation of the HIV-1 CA-NC complexes with TRIM5␣ rh -containing cell lysates, the mixtures were layered onto 70% sucrose cushions. The WT TRIM5␣ rh protein did not sediment through 70% sucrose in the absence of added CA-NC complexes (Fig. 1B) . After incubation with HIV-1 CA-NC complexes, the WT TRIM5␣ rh protein was detected in the pellet. By contrast, the ⌬(233-497) TRIM5␣ rh mutant, which retains only the RBCC domains of TRIM5␣ rh , did not cosediment with the CA-NC complexes (Fig. 1B) . Apparently, HIV-1 capsid association depends on carboxyl-terminal TRIM5␣ sequences, including the B30.2 domain.
⌬(1-132) mutant lacking both RING and B-box 2 domains also retained the ability to cosediment with the CA-NC complexes. By contrast, the ⌬(132-233) TRIM5␣ rh mutant, which lacks the coiled-coil domain, did not cosediment with HIV-1 CA-NC complexes (Fig. 1B) . Thus, the coiled-coil and B30.2 domains, but not the RING or B-box 2 domains, contribute to TRIM5␣ rh association with the HIV-1 capsid.
Association of TRIM5-Related Proteins from Different Species with
HIV-1 Capsids. We examined the ability of TRIMCyp and primate TRIM5␣ variants to cosediment with HIV-1 CA-NC complexes. None of the TRIM5-related proteins sedimented through 70% sucrose in the absence of CA-NC complexes (data not shown). TRIM5␣ proteins from two species of Old World monkeys, rhesus macaques and African green monkeys, strongly bound the HI V-1 CA-NC complexes (Fig. 1C) . Human TR IM5␣ (TRIM5␣ hu ), which only moderately restricts HIV-1 (4), only weakly associated with the HI V-1 CA-NC complexes. TRIM5␣ sq from squirrel monkeys, a New World monkey species, does not restrict HIV-1 (11) and demonstrated no detectable binding to the HIV-1 CA-NC complexes. Mice lack a TRIM5 ortholog (10); the closest mouse relative to TR IM5, 9230105E10Rik, which does not inhibit HIV-1 infection (11), did not cosediment with the HIV-1 CA-NC complexes. The TRIMCyp protein associated with the HIV-1 CA-NC complexes (Fig.   1D ). This interaction was inhibited by cyclosporine A, which allows HIV-1 to escape restriction by TRIMCyp (21, 22, 37, 38) . Thus, there is a good correlation between the ability of TRIM5 relatives from different species to restrict HIV-1 infection and the observed association with HIV-1 capsids.
An Assay to Measure Particulate and Soluble Capsid Proteins in the
Cytosol of Infected Cells. To gain insight into the mechanism of TRIM5␣ restriction, we examined the effect of TRIM5␣ binding on the fate of the retroviral capsid in infected cells. The measurement of total intracellular capsid protein cannot reliably monitor infectious capsids because of the very large fraction of defective retroviruses that bind target cells and become trapped nonproductively in intracellular compartments such as endosomes and lysosomes (39) . We designed a sedimentation assay that (i) distinguishes nonspecifically endocytosed capsids from the cytosolic capsids that are potentially on the infection pathway and (ii) separates particulate capsid proteins, presumably retaining a higher-order structure, from soluble capsid proteins. The first aim was achieved by taking advantage of the difference in density between endosomes͞lysosomes and retroviral capsids (29, 40 -43) . The second aim was achieved by velocity sedimentation, separating the particulate capsids with high sedimentation rates from the soluble proteins with much lower sedimentation rates. The assay is summarized in Fig. 2A . Fig. 2B shows the results of a pilot experiment to determine a sucrose concentration that allows detection of HIV-1 capsids only when functional vesicular stomatitis virus (VSV)-G envelope glycoproteins are present on the infecting virions. The control HIV-1 virions without envelope glycoproteins [HIV-1(Env Ϫ )] can nonspecifically bind target cells and be endocytosed, but these capsids cannot enter the cytosol (39) . VSV-G-pseudotyped HIV-1 [HIV-1(VSV-G)] and HIV-1(Env Ϫ ) virions were allowed to attach to cells at 4°C; after shifting the temperature to 37°C to allow virus entry, cells were lysed in a detergent-free buffer. After low-speed centrifugation to pellet nuclei and cell debris, the cytosolic extracts were layered onto cushions of different sucrose concentrations. A 50% sucrose cushion was optimal for discriminating between intracellular capsids associated with entry-competent viruses and those nonspecifically associated with cells (Fig. 2B) . By contrast, a cushion of 45% In vitro-assembled CA-NC complexes were mixed with 293T lysates containing WT TRIM5␣ rh-HA or the indicated TRIM5␣ rh-HA deletion mutants and layered onto 70% sucrose before centrifugation. Immediately before mixing, an aliquot of the cell lysate was removed and blotted with ␣-HA antibodies to determine the steady-state expression levels of the different TRIM5 variants (input). After centrifugation, the pellet was resuspended in SDS sample buffer and analyzed by Western blotting with an anti-HA antibody (to detect TRIM5) or an anti-p24 antibody (to detect CA-NC). (C) An experiment similar to that described in B was carried out, except that the 293T cell lysates contained the indicated TRIM proteins. (D) An experiment similar to that described in B was carried out, except that the 293T cell lysates contained TRIMCyp-HA and were mixed with CA-NC complexes in the presence of 0.1% DMSO (Ϫ) or 25 M cyclosporine (Cs) (ϩ). Lysates from HeLa cells incubated with HIV-1(VSV-G) or HIV-1(Env Ϫ ) viruses were cleared and analyzed on sucrose gradients, as described in Materials and Methods. A 100-l sample (the ''supernatant'') was collected from the very top of the gradient, avoiding the layer of endosomes͞lysosomes at the interface of lysate and cushion. The pellet was also collected and resuspended directly in SDS sample buffer. (B) HeLa cells were incubated with HIV-1(VSV-G) or HIV-1(Env Ϫ ) viruses at 4°C for 30 min and then at 37°C for 4 h. Cell lysates were prepared and analyzed on gradients consisting of the indicated concentrations of sucrose. The pellet was resuspended in sample buffer and Western blotted by using an anti-p24 antibody.
sucrose did not allow discrimination between HIV-1(VSV-G) and HIV-1(Env Ϫ ) virions, and a cushion of 55% sucrose did not allow detection of any particulate capsid, even in the lysates of cells exposed to entry-competent viruses. These results suggest that the intracellular particulate capsids detected in our assay exhibit densities between those of 45% sucrose (1.20 g͞ml) and 55% sucrose (1.26 g͞ml), a result that is in good agreement with previous estimates of the density of cores (1.24 -1.26 g͞ml) prepared by detergent treatment of HIV-1 virions (29, 41, 43) . These results are also consistent with the expectation that much of the capsid protein nonspecifically taken into cells is trapped in endosomes or lysosomes, which have reported densities of Ͻ1.20 g͞ml (40, 42) . Indeed, a visible layer that formed at the boundary of the cell lysate and 50% sucrose cushion during centrifugation contained large amounts of p24 capsid protein after incubation of cells with either HIV-1(VSV-G) or HIV-1(Env Ϫ ) virions (data not shown). Because this material forms a discrete layer at the lysate-cushion interface, we could collect a sample from the top of the gradient for the purpose of measuring the soluble capsid protein in the cell lysate. The HIV-1 capsid protein was detectable in this supernatant sample only when entrycompetent virions were used for infection (see below), suggesting that these soluble proteins were derived from viral components that had entered the cytosol. Thus, this assay allows us to measure both particulate and soluble forms of the HIV-1 capsid protein in the cytosol of cells exposed to infectious viruses.
Decreases in the Amount of Particulate Capsids in Cells Expressing a
Restricting TRIM5␣ Protein. The assay described above was used to examine the fate of the HIV-1 capsid after infection of HeLa cells expressing the restricting TRIM5␣ rh protein and control cells transduced with the empty LPCX vector. As an additional control, the LPCX vector-transduced cells were exposed to HIV-1(Env Ϫ ) virions. The virions were incubated with the target cells at 4°C to permit virus attachment, and the temperature was shifted to 37°C to allow the infection process to proceed. At different time points, the cells were lysed and the cell lysates analyzed by sedimentation on 50% sucrose cushions, as described above. The amount of HIV-1 p24 capsid protein in the interface between cell lysate and sucrose cushion was similar in the TRIM5␣ rh -expressing and control cells, regardless of the presence of envelope glycoproteins on the HIV-1 virions (data not shown); this result confirms that similar amounts of virus were incubated with the target cells, and that the interfacial layer contains virions that are nonspecifically endocytosed into the cells. As expected, no p24 capsid protein was detected in either the supernatants or pellets derived from cells incubated with the HIV-1(Env Ϫ ) virions (Fig. 3A) . The steady-state levels of p24 capsid protein in the supernatants from TRIM5␣ rh -expressing and control cells incubated with entry-competent viruses were comparable at all time points examined. By contrast, at all time points, the amounts of pelletable capsid in the cells expressing TRIM5␣ rh were lower than those detected in the control LPCXtransduced cells. This decrease in particulate capsid in TRIM5␣ rh -expressing cells was evident as early as 1 h after the 37°C temperature shift. The amount of HIV-1 p24 capsid protein in the pellets derived from the control LPCX cells increased from the time of the temperature shift until 24 h later, after which the levels decreased (Fig. 3A and data not shown) . Because the infections are not synchronized and our assay measures total steady-state levels of cytosolic capsid proteins, these observations suggest that virus entry-dependent processes continue to introduce new capsids into the cytosol for several hours after the shift to 37°C. We conclude that the presence of TRIM5␣ rh in target cells results in a decrease in the particulate HIV-1 capsid, but not in the soluble capsid protein, in the cytosol.
To investigate the generality of the above observations, we studied the fate of N-tropic MLV (N-MLV) capsids in mouse NIH 3T3 cells that express TRIM5␣ hu , which can potently block N-MLV infection (6) (7) (8) 44) , and in control cells transduced with the empty LPCX vector. N-MLV capsids were recovered more efficiently after sucrose gradient centrifugation than HIV-1 capsids, allowing us to examine the effects of target cell expression of TRIM5␣ hu on the conversion of particulate capsids to soluble capsid proteins. At each time point examined, the particulate N-MLV p30 capsid protein in the pellet derived from the TRIM5␣ hu -expressing cells was significantly less than that from the control LPCX-transduced cells (Fig. 3B) . The decrease in particulate N-MLV capsid protein in the TRIM5␣ huexpressing cells coincided with a concomitant increase in soluble p30 capsid protein in the supernatant. Thus, the total amount of N-MLV capsid protein does not significantly differ in the cytosol of the TRIM5␣ hu -expressing and control LPCX cells. Rather, the conversion of the capsid protein from a particulate form to a soluble form is accelerated in the TRIM5␣ hu -expressing cells.
Of note, in both TRIM5␣ hu -expressing and control NIH 3T3 cells, the migration on SDS-polyacrylamide gels of the N-MLV p30 capsid proteins derived from the pellets and supernatants was indistinguishable (data not shown). This observation argues against a major covalent modification (for example, ubiquitylation, sumoylation, or proteolytic cleavage) of the majority of the N-MLV capsid, at steady state, during the course of normal uncoating or as a result of TRIM5␣ hu activity.
Correlation Between Decreases in the Level of Particulate Capsids and
Restriction of Infection. We examined the fate of the HIV-1 capsid in HeLa cells expressing TRIM5 variants from different primates. HeLa cells expressing comparable levels of TRIM5␣ rh , TRIM5␣ hu , TRIM5␥ rh , and TRIM5␣ sq , as well as control cells transduced with the LPCX vector, were incubated with HIV-1(VSV-G) and HIV-1(Env Ϫ ) virions. Cell lysates were prepared at 8 h after the 37°C temperature shift and analyzed on 50% sucrose gradients, as described above. In cells expressing TRIM5␣ rh , we observed a decrease in the amount of HIV-1 p24 capsid protein in the pellet relative to the amount of capsid protein seen in the LPCX cells (Fig. 3C) . No significant differences in the level of soluble capsid protein were observed in the supernatants of TRIM5␣ rh -expressing and LPCX cells. By contrast, the expression of TRIM5␣ hu , TRIM5␥ rh , and TRIM5␣ sq , which do not potently restrict HIV-1 infection (4, 11), did not result in a reproducible decrease in the levels of particulate capsid relative to those observed in the control cells. Thus, there is a correlation between the ability of TRIM5 variants to restrict HIV-1 infection and the conversion of the particulate HIV-1 capsid to nonpelletable forms.
The same set of cells expressing the above-described TRIM5 variants was incubated with VSV G-pseudotyped or Env Ϫ SIV mac virions. A dramatic loss of particulate SIV p27 capsid protein was observed in the cytosol of cells expressing TRIM5␣ sq , which strongly restricts SIV mac infection (11), relative to the p27 levels in the pellets of the other cells (Fig. 3D) . The p27 capsid proteins in the pellets derived from cells expressing TRIM5␣ rh , TRIM5␣ hu , and TRIM5␥ rh , which do not potently block SIV mac infection (11), were readily detectable. No differences in the levels of soluble SIV mac p27 capsid proteins were observed in supernatants derived from the cells expressing the different TRIM5 variants. As was seen above for HIV-1, a correlation was observed between the TRIM5-mediated restriction of SIV mac infection and the loss of particulate forms of the capsid protein in the cytosol of cells exposed to the virus.
The Fate of Mutant HIV-1 Capsids that Escape TRIM5␣ Restriction.
Some changes in the HIV-1 capsid have been shown to allow HIV-1 to escape partially from the restrictions present in the cells of various Old World monkeys (15, 37, 38, 45) . Partial escape from TRIM5␣ rh -mediated restriction is also associated with the inability of the HIV-1 capsid to bind cyclophilin A (37, 38, 45, 46) . We examined the fate of cytosolic capsids in TRIM5␣ rh -expressing cells 8 h after incubation with VSV Gpseudotyped HIV-1 containing capsid changes associated with partial escape from restriction: (i) G89A, which decreases the binding of cyclophilin A to the capsid (47), (ii) H87Q, altering the cyclophilin A-binding loop (37) , and (iii) the YQ alteration affecting helix 3 (37) . In the TRIM5␣ rh -expressing cells, the amounts of particulate capsid in the cytosol were greater for all three mutants than for the WT virus (Fig. 3E) . In the LPCX control cells, the pelletable capsid levels were higher for the H87Q and YQ mutants than for the WT virus. We conclude that HIV-1 capsid changes that allow partial escape from the effects of Old World monkey TRIM5␣ proteins confer greater resistance to TRIM5␣-mediated conversion of particulate capsids to nonpelletable forms.
Independence of TRIM5␣rh Restriction of HIV-1 and Proteasomal
Function. Because some RING domain-containing proteins are involved in ubiquitylation and proteasomal degradation (48-52), we tested the importance of the proteasome to TRIM5␣ rhmediated restriction of HIV-1. HeLa cells were incubated with VSV G-pseudotyped HIV-1-GFP, which expresses GFP upon successful infection of cells (53) , in the absence or presence of a proteasome inhibitor, clasto-Lactacystin ␤-lactone. As reported in refs. 54 and 55, a small but reproducible increase in the efficiency of HIV-1 infection in the presence of the proteasomal inhibitor was observed (Fig. 4 , which is published as supporting information on the PNAS web site). However, proteasome inhibition did not significantly alter the block to HIV-1 infection mediated by TRIM5␣ rh .
Discussion
Old World monkey TRIM5␣ proteins specifically bound HIV-1 capsid-like structures. All of the TRIM5 variants tested that block HIV-1 infection associated with the HIV-1 CA-NC complexes, supporting the importance of capsid binding for restriction. Human TRIM5␣ bound the HIV-1 capsid-like complexes more weakly than the Old World monkey TRIM5␣ proteins, explaining the lower potency of human TRIM5␣ in blocking HIV-1 infection (4, 9, 13). The TRIM5␣ protein from the squirrel monkey, a New World monkey species, did not associate with the HIV-1 capsid complexes, consistent with the inability of most New World monkey TRIM5␣ molecules to block HIV-1 infection (11). One exceptional New World monkey, the owl monkey, encodes a TRIM5-cyclophilin A fusion protein called TRIMCyp (21, 22) . We show that TRIMCyp binds the HIV-1 capsids in a manner inhibitable by cyclosporine, which is known to disrupt cyclophilin A-HIV-1 capsid interactions and relieve the block to HIV-1 infection in owl monkey cells (23, 38, 56) . Like TRIMCyp, TRIM5␣ may use its carboxyl terminus for interaction with the targeted capsid, because the association of TRIM5␣ rh with the HIV-1 CA-NC complexes depended on the B30.2 domain. The interaction of the human TRIM5␣ protein with the N-MLV capsid has also been reported to require an intact B30.2 domain (24) . Determinants of differences in anti-HIV-1 potency between species-specific variants of TRIM5␣ map to the B30.2 domain (9, 13, 57), raising the possibility that these affect capsid recognition. Significant interspecies variation in the TRIM5␣ B30.2 domain and the evidence for strong positive selection acting on this domain (10, 57) support a direct interaction of TRIM5␣ with potentially rapidly evolving viral capsids.
The TRIM5␣ rh coiled coil was also necessary for the interaction with the HIV-1 CA-NC complexes. The TRIM5␣ coiled coil mediates trimerization, which may allow TRIM5␣ to interact with sites on the surface lattice of the retroviral capsid that exhibit trimeric pseudosymmetry (28) . Significant gains in avidity would accrue to the interactions of two oligomeric complexes with compatible symmetry.
Our results suggest that the ability of a TRIM5␣ protein to bind the HIV-1 capsid is not sufficient to achieve restriction of viral infection. TRIM5␣ rh mutants lacking the RING and͞or B-box 2 domains associated with the HIV-1 CA-NC complexes but were partially or completely defective in establishing a block to HIV-1 infection (12, 58) . Thus, these amino-terminal TRIM5␣ elements possibly serve as effector domains for re-striction, contributing to higher-order interactions with other TRIM5␣ molecules or with necessary cofactors.
We devised an assay to follow the steady-state levels of retroviral capsids in the cytosol of infected cells. We took advantage of the low density of endosomes and lyosomes to eliminate the large quantities of nonspecifically endocytosed retroviral particles (39) from consideration in this assay. The small fraction of cytosolic capsid proteins was further separated based on sedimentation velocity into particulate capsids and soluble capsid proteins. The observed total steady-state levels of capsid proteins reflect both the introduction of the capsids into the cytosol by the viral entry process and the turnover of the capsid proteins. The total cytosolic level of capsid protein was not altered by the expression of a restricting TRIM5␣, indicating that restriction involves neither a blockade of the introduction of the capsid into the cytosol nor the promotion of capsid degradation. Consistent with the latter point, proteasome inhibition did not significantly affect the restriction of HIV-1 infection by TRIM5␣ rh . Moreover, previous studies (4, 12, 58) demonstrated that the TRIM5␣ rh RING domain contributes to the potency of, but is not absolutely required for, HIV-1 restriction. Finally, we did not observe any indication of a TRIM5␣-associated modification (e.g., ubiquitylation) of the restricted retroviral capsids in the cytosol. Together, these observations argue against a model of bulk capsid degradation after recognition by the TRIM5␣ protein.
Expression of a restricting TRIM5␣ protein resulted in a loss of the pelletable capsid in the cytosol of infected cells. This diminution in the amount of particulate capsid strongly correlated with the ability of TRIM5␣ variants from different species to restrict HIV-1 and SIV infection and with the susceptibility of HIV-1 capsid mutants to restriction. Because the entry of viruses in our system is not synchronized, we cannot, as yet, use this assay to estimate the absolute rates of uncoating or capsid turnover in infected cells. However, differences in the level of particulate capsid in the cytosol of TRIM5␣-expressing and control cells were apparent as early as 1 h after the initiation of virus infection. The recovery of N-MLV capsids from the 50% sucrose gradients was more efficient than that of HIV-1 capsids, allowing us to observe directly the conversion of particulate N-MLV capsids into soluble capsid proteins. The expression of the N-MLVrestricting protein, TRIM5␣ hu , in the target cells accelerated this conversion. The decreased stability of HIV-1 capsids in concentrated sucrose solutions (29, 43) lowers the recovery of capsids in our pellet, leading to an underestimation of the intact cytosolic capsid and an overestimation of the disassembled HIV-1 capsid proteins in our system. Therefore, although the loss of particulate, cytosolic HIV-1 capsid as a consequence of TRIM5␣ expression is clearly evident in our assay, the conversion of this capsid protein to soluble forms makes an undetectably small contribution to the total capsid protein in the supernatant. Consistent with the model that TRIM5␣ mediates restriction by accelerating the uncoating of the viral capsid are our observations that, compared with the WT HIV-1, HIV-1 capsid mutants partially resistant to the Old World monkey restriction exhibited higher levels of particulate capsid in the cytosol of TRIM5␣-expressing cells. One of the HIV-1 capsid mutants, G89A, does not bind cyclophilin A, which has been shown to augment TRIM5␣ rh restriction of HIV-1 by an unknown mechanism (37, 38, 46) . Two other HIV-1 capsid mutants, H87Q and YQ, exhibited levels of particulate capsids higher than those of the WT HIV-1 virus not only in TRIM5␣ rh -expressing cells, but also in the control HeLa cells. These mutant capsids may be intrinsically more stable, or they may be less susceptible to the modest anti-HIV-1 activity of the endogenous human TRIM5␣ protein in the HeLa cells (4).
Indeed, these mutants exhibit better infectivity than the WT virus in HeLa cells as well as Old World monkey cells (37) . The mechanisms whereby the H87Q and YQ changes exert their phenotypes are unknown. The H87Q change has been shown to result in a 4-to 5-fold decrease in the affinity of cyclophilin A binding (59) . The changes in the YQ mutant may directly inf luence capsid stability, because the corresponding residues in the MLV capsid (60) form important hydrogen bonds across adjacent hexamers. Thus, H87Q and YQ may achieve decreased sensitivity to TRIM5␣ action by different mechanisms (37) .
Additional research is required to determine how TRIM5␣ promotes rapid uncoating of the restricted virus capsid and why accelerated disassembly of the capsid is detrimental to infection. Changes in the HIV-1 capsid that either increase or decrease capsid stability decrease the efficiency of early events in infection (29) . Accelerated disassembly of the retroviral capsid may prematurely expose the viral RNA or viral enzymes to degradative processes or disrupt capsid associations with the remainder of the retroviral core that are directly or indirectly critical for reverse transcription. Understanding the TRIM5␣ antiviral mechanism may help to elucidate the process of retroviral uncoating.
Materials and Methods
Cells and Viruses. HeLa cells expressing HA epitope-tagged TRIM5␣ variants (4, 8, 11) and recombinant viruses are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Capsid-Binding Assay. An assay measuring the cosedimentation of TRIM5 variants with assembled HIV-1 capsid complexes is described in Supporting Materials and Methods.
Fate-of-Capsid Assay. HeLa (6 ϫ 10 6 ) or NIH 3T3 (1.5 ϫ 10 6 ) cells stably expressing different TRIM5 variants were seeded in 80-cm 2 f lasks, and the next day, incubated with recombinant viruses prepared as described in Supporting Materials and Methods. Cells were incubated with either 10 ml HIV-1(VSV-G) [Ϸ5 ϫ 10 6 reverse transcriptase (RT) counts] (53), 10 ml SIV mac (VSV-G) (Ϸ10 6 RT counts), or 10 ml N-MLV(VSV-G) (Ϸ5 ϫ 10 5 RT counts) for 30 min at 4°C. Then, the cells were shifted to 37°C until they were harvested at various time points. If the cells were going to be harvested Ͼ4 h after infection, the virus suspension was removed at the 4-h time point and replaced with fresh medium. The cells were washed three times with ice-cold PBS and detached by incubating with 1 ml of pronase (7 mg͞ml in DMEM) for 5 min at 4°C. The cells were washed once in DMEM containing 10% FBS and two times in PBS. The pellet was resuspended in 2.5 ml hypotonic lysis buffer (10 mM Tris⅐HCl, pH 8.0͞10 mM KCl͞1 mM EDTA) and placed on ice for 15 min. The cells were lysed by using a 7-ml Dounce homogenizer and 15 strokes with pestle B. Cell debris was removed by centrifugation for 3 min at 2,000 ϫ g. After centrifugation, 2 ml of lysate was layered onto a 7-ml 50% sucrose cushion (made in PBS) and centrifuged at 125,000 ϫ g for 2 h at 4°C in a Beckman SW41 rotor. After centrifugation, 100 l from the top-most part of the supernatant was collected and made 1ϫ in SDS sample buffer. The pellet was resuspended in 100 l of 1ϫ SDS sample buffer. The samples were subjected to SDS͞PAGE and Western blotting for capsid proteins.
Immunoblotting. HA-tagged TRIM5 variants and capsid proteins were detected as described in Supporting Materials and Methods.
Proteasome Inhibition and HIV-1 Infection. See Supporting Materials and Methods for more information.
